Mitochondrial morphology is regulated in many cultured eukaryotic cells by fusion and fission of mitochondria. A tightly controlled balance between fission and fusion events is required to ensure normal mitochondrial and cellular functions. During ageing, mitochondria are undergoing significant changes on the functional and morphological level. The effect of ageing on fusion and fission of mitochondria and consequences of altered fission and fusion activity are still unknown although theoretical models on ageing consider the significance of these processes. Human umbilical vein endothelial cells (HUVECs) have been established as a cell culture model to follow mitochondrial activity and dysfunction during the ageing process. Mitochondria of old and postmitotic HUVECs showed distinct alterations in overall morphology and fine structure, and furthermore, loss of mitochondrial membrane potential. In parallel, a decrease of intact mitochondrial DNA (mtDNA) was observed. Fission and fusion activity of mitochondria were quantified in living cells. Mitochondria of old HUVECs showed a significant and equal decrease of both fusion and fission activity indicating that these processes are sensitive to ageing and could contribute to the accumulation of damaged mitochondria during ageing. #
Introduction
Mitochondria are dynamic organelles, varying from long tubular networks to single spherical organelles. These frequent changes in number and morphology are due to mitochondrial fission and fusion (Bereiter-Hahn and Vöth, 1994) . Fragmentation of mitochondria is a common event before cytokinesis and ensures equal distribution of mitochondria on the daughter cells (Barni et al., 1996) . In many cultured vertebrate cells, fission and fusion of mitochondria take place all the time, and recently, it was shown that fission and fusion of mitochondria are also a regular event in plant cells (Karbowski et al., 2004; Arimura et al., 2004) . The molecular mechanisms underlying these processes in mammalian cells were intensively studied during the last years, and by now five essential proteins have been identified and possible models proposed (reviewed by Bossy-Wetzel et al., 2003) . The physiological significance of the continual fusion and division of mitochondria is still under debate; a possible function for fusion could be a rescue mechanism for damaged mitochondria by exchange of mitochondrial DNA (mtDNA) and/or mitochondrial proteins.
The main task of mitochondria-production of ATP by the complexes of the respiratory chain-is also the reason why mitochondria are heavily featuring in apoptosis and ageing. Mitochondria are the primary source of reactive oxygen species (ROS), mainly from complexes I and III, and www.elsevier.com/locate/mechagedev Mechanisms of Ageing and Development 126 (2005) [813] [814] [815] [816] [817] [818] [819] [820] [821] while ROS production is occurring throughout life it is increased in aged cells (Sastre et al., 2003; Turrens, 2003) . According to the oxidative damage theory of ageing, first proposed by Harman (1972) , mitochondria are also the main targets of ROS, since increased levels of ROS damage predominantly mitochondrial proteins, lipids and mitochondrial DNA. mtDNA is more sensitive than genomic DNA to ROS-induced damage, since it is not protected by histons and its repair capabilities are limited (reviewed by Wei and Lee, 2002) .
The mitochondrial theory of ageing proposes that the age-related accumulation of defective mitochondria is the main mechanism underlying the ageing process (Linnane et al., 1989) . A critical aspect is to understand how damaged mitochondria can out compete the wild type. Three possible explanations have been suggested: (i) accumulation by random drift of selection neutral mutations (Elson et al., 2001) , (ii) faster replication of deletion mutants because of their reduced size (Wallace, 1992) and (iii) slower degradation of defective organelles (SOS hypothesis) (de Grey, 1997; Kowald and Kirkwood, 2000) . While the first two theories require mitochondrial fusion, the SOS hypothesis is based on a lack of fusion activity.
Our current study therefore aims to provide experimental data that evaluate the role of mitochondrial fusion and fission in ageing. With human umbilical vein endothelial cells (HUVECs) as a model, we investigated the changes in young and proliferative compared to old and postmitotic cells with special regard to the fission and fusion activity. We have quantified fission and fusion events on the functional level and for the first time we can show that this activity is significantly reduced in postmitotic cells together with other age-dependent parameters, like mitochondrial membrane potential and intact mtDNA.
Experimental procedures

Isolation and culture of HUVECs
Primary human endothelial cells were isolated from the umbilical cord under sterile conditions. The vein from the umbilical cord was washed with PBS. Afterwards, the vein was clamped and incubated for 10 min in basal medium with dispase (100 U/ml). The resulting endothelial cell solution was rinsed with basal medium in a tube and centrifuged. The cells were resuspended in growth medium and cultivated at 37 8C and 5% CO 2 . Basal medium consisted of M199 with heparin (10 IE), hepes buffer (20 mM) and gentamycin (100 mg). Growth medium contained basal medium with 10% FCS, 10% human serum and ECGF (20 mg/ml).
In parallel, HUVECs were pursued form Promocell (C-12200) and cultivated in Endothelial Cell Growth Medium (Promocell #C-22010).
Doubling time of cells was determined by regular counting. Factor VIII expression was monitored by fluorescence microscopy: first antibody was mouse anti human factor VIII (DAKO, dilution 1:100) and second antibody was goat anti-mouse Cy3 (Dianova, dilution 1:100). Cultures with a doubling time of more than 100 h and factor VIII expression <70% of that of first passages were classified as old and postmitotic cells.
Quantification of fission and fusion events
HUVECs were cultivated for 2 days on a coverslip. Mitochondria in the peripheral region of a cell were filmed for 10 min in phase contrast with a microscope (Zeiss) and a CCD-camera (PCO), one frame per second. Single images were assembled to a video sequence (Quick Time Player). The fission and fusion events were counted and related to the area of mitochondria (in mm 2 ). The mitochondria from the first image of the video sequence were copied with GIMP and determination of the area was done with Image J.
Confocal microscopy
Mitochondria were visualised by staining with Mitotracker Green or Mitotracker Red 1 (Molecular Probes) in a final concentration of 250 nM for 1 h. Microtubules were stained with antibody YL as primary antibody (personal gift of J. Wehland) and anti-rat Cy3 as secondary antibody (Dianova). For dynactin staining primary antibody was against p150
Glued (BD Biosciences) and second antibody was anti-mouse FITC (Dianova). For staining of mtDNA, cells were treated with Picogreen (Molecular Probes), final dilution 1:100. For determination of mitochondrial membrane potential, cells were treated with dimethylaminostyrylmethyl-pyridinium-iodine (DASPMI) (personal gift of Bayer AG to J.B.H.) for 1 h. Micrographs were taken with a Leica TCS 4D confocal laser scanning microscope fitted with the appropriate filters and PL Fluotar objective (100Â, 1.3 NA) that was controlled by the SCAN Ware 5.10 software (Leica, Wetzlar, Germany). Live cell experiments were performed at 37 8C and 5% CO 2 in a humidified chamber.
Electron microscopy
Cells were fixed with phosphate-buffered 2.5% glutaraldehyde with 0.1 M sodium phosphate for 1 h. Then they were treated with 1% osmium tetroxid in hydrogen peroxide for 1 h, dehydrated with acetone and embedded with epon. Electron microphotographs were taken with a Hitachi 500 transmission electron microscope (Hitachi).
Quantification of mtDNA
Total DNA was isolated from a total of 1 Â 10 6 cells with the Flexi Gene DNA Kit (Qiagen). A 50 ng of total DNA was used for PCR reactions. The 220 bp and 8.9 kbp fragments of mtDNA were amplified by PCR according to Santos et al. (2002) . After gel electrophoresis quantification was archived with Easywin 32 software (Herolab).
Statistics
Results are expressed as means AE S.E.M. of n observations. Student's t-test was used for significance analysis. Differences were considered statistically significant when P < 0.01.
Results
Ageing of HUVECs
HUVECs were used as a model system to study age-related effects. During cultivation the doubling time of each passage and the expression of factor VIII (von Willebrand factor) was analysed. Presence of factor VIII has been shown to decrease during ageing of endothelial cells and can be used as marker for ageing (Kiyonaga et al., 2001) . Consequently, HUVECs with a doubling time of more than 100 h and less than 70% factor VIII expression compared to young and proliferative cells were classified as old and postmitotic.
In phase contrast microscopy, young HUVECs showed the typical polygonal ''cobblestone'' phenotype of endothelial cells (Fig. 1A) . However, postmitotic cells showed an altered morphology. These cells were much larger than mitotic cells and some cells were multinuclear. Many postmitotic HUVECs showed long filopodia-like extensions and cells appeared in general more heterogeneous than proliferating cells. The thickness of postmitotic cells in the z-axis differed; some regions were flat and in some parts cytoplasm and mitochondria accumulated (Fig. 1B) .
Changes in mitochondria of old and postmitotic HUVECs
To analyse the mitochondria of young proliferative and old postmitotic HUVECs, confocal microscopy was used after staining of mitochondria with Mitotracker Red 1 . In young HUVECs, mitochondria were distributed evenly throughout the cytoplasm and consisted mostly of long, single tubules ( Figs. 2A and 6A ). In contrast, most mitochondria of postmitotic cells were localised around the nucleus and appeared aggregated. Nevertheless, in the cell periphery still some tubular, ''normal looking'' mitochondria could be found (Figs. 2B and 6C) .
To examine if these morphological changes are reflected by physiological alterations, HUVECs were stained with dimethylaminostyrylmethyl-pyridinium-iodine (DASPMI) and analysed by confocal microscopy. Uptake of DASPMI depends on the mitochondrial membrane potential (BereiterHahn, 1976) ; therefore, we used this dye to compare the membrane potential of proliferative and postmitotic cells. Mitochondria of young HUVECs displayed a strong and almost evenly distributed DASPMI fluorescence ( Fig. 2A) . In postmitotic cells, however, mitochondria of most cells were only weakly stained while the majority of the dye remained in the cytoplasm, indicating a loss of mitochondrial membrane potential during ageing (Fig. 2B) .
In the electron microscope, mitochondria of young and mitotically active HUVECs show clearly defined and wellordered cristae (Fig. 3A and B) . Mitochondria of postmitotic cell cultures contained fewer cristae, which seemed to be less clearly structured and organised; in some regions cristae were difficult to recognise. In the matrix of postmitotic mitochondria, distinct swollen areas were found (arrows) that contained no cristae at all (Fig. 3C and D) . Thus, the loss of membrane potential in ageing cells was accompanied by alterations in the fine structure of the organelles.
Fission and fusion of mitochondria were reduced in postmitotic cells
Since theoretical models of mitochondrial ageing depend on the presence or absence of mitochondrial fission and fusion activity, we established a method to quantify mitochondrial fission and fusion in living cells. Mitochondria in the periphery of proliferative and postmitotic cell cultures were filmed and the number of fission and fusion events in 10 min/100 mm 2 mitochondria area was evaluated (Fig. 4) . Mitochondria that stayed joined while they are moving were defined as fused. We have already shown by correlative electron microscopy that this kind of mitochondria was fused with the outer and inner mitochondrial membrane (Bereiter-Hahn and Vöth, 1994) . Furthermore, we observed in this kind of fused mitochondria exchange of proteins of the inner mitochondrial membrane (Jendrach et al., unpublished results). Filming was restricted to the cell periphery because of the perinuclear accumulation of mitochondria in postmitotic cells.
In young proliferative cells, fusion and fission of mitochondria were almost equal with 2.19 (AE0.19) fusion Fig. 3 . Electron microscope images of young and old HUVECs show distinct changes in the fine structure of mitochondria. Cristae in mitochondria of proliferative cells (A and B) were numerous and clearly structured. In contrast, in old cells (C and D) many cristae were degenerated, barely visible and mitochondria showed swollen regions devoid of cristae (arrow). Scale bar = 1 mm. Fig. 4 . Quantification of mitochondrial fission and fusion events in young and old HUVECs. Mitochondria in the peripheral region of proliferating and postmitotic cells were filmed and fusion and fission events were determined as described in experimental procedures. Fission and fusion events in 10 min/100 mm 2 mitochondria area were evaluated in proliferative (n = 34) and postmitotic (n = 23) HUVECs. The amount of both fusion and fission events was significantly decreased in old cells (P < 0.01). events in 10 min/100 mm 2 mitochondria area and 2.16 (AE0.15) fission events in 10 min/100 mm 2 mitochondria area. In contrast, fission and fusion rates were significantly reduced in old cells although still equal with an average of 0.34 (AE0.02) fusion events in 10 min/100 mm 2 mitochondria area and 0.34 (AE0.02) fission events in 10 min/100 mm 2 mitochondria area. Furthermore, mitochondria in young cells were quite motile, while in postmitotic cells they moved less and at slower speed.
Reduction of mitochondrial dynamics in postmitotic HUVECs is not related to changes in the cytoskeleton
Diminished mobility and reduced fission and fusion activity of mitochondria in old cells could result from an altered amount of cytoskeletal elements responsible for transporting mitochondria. Mitochondria are mainly moving along microtubules (Tanaka et al., 1998) . Therefore, microtubules of proliferative and postmitotic cells were visualised by antibody staining. Fluorescence micrographs of young cells exhibited well-ordered and regular microtubules (Fig. 5B) . In old cells, no reduction of the microtubule content or distribution has been observed, the microtubule network was still well spread, reaching up to the periphery of the cells. In some regions, in particular, close to the nucleus, increased microtubule density and bundling was found (Fig. 5D ). This is most probably due to the fact that in these regions of the cell cytoplasm and organelles were concentrated (see Fig. 1B ).
Since microfilaments are probably involved in situating mitochondria, F-actin distribution has been investigated by phalloidin staining. Postmitotic cells contained noticeably more stress fibers and by no means F-actin content was reduced (data not shown).
Disruption of the dynein/dynactin complex has been reported to cause perinuclear clustering of mitochondria (Varadi et al., 2004) , thus expression of the dynactin subunit p150
Glued was investigated. Both microtubules of proliferating and postmitotic HUVECs co-localised with a dense dynactin staining, demonstrating that expression levels of dynactin were not changed during ageing (Fig. 5A and C) . Also, blocking of kinesin-mediated transport resulted in perinuclear clustering of mitochondria (de Vos et al., 2000) but analysis of kinesin (KIF3A) expression in young and old HUVECs by confocal microscopy also showed no downregulation during ageing (data not shown).
Mitochondria of old HUVECs showed loss of intact mtDNA
mtDNA can be visualised in living cells using Picogreen, a fluorochome which selectively binds to nucleic acids with higher affinity for DNA than for RNA (Bereiter-Hahn and Vöth, 1996) . Nuclei as well as mitochondrial nucleoids in proliferating and postmitotic HUVECs were detected by this method (Fig. 6B and D) . Most mitochondria of young cells contained several strongly stained mitochondrial nucleoids (Fig. 6B) , while in mitochondria of postmitotic cells less and faintly fluorescing nucleoids appeared (Fig. 6D) . Since short fragments of mtDNA exhibit low fluorescence only, the Picogreen staining of postmitotic cells can be interpreted as loss as well as extensive fragmentation of mtDNA in the course of ageing.
To quantify the apparent reduction of intact mtDNA, total DNA from young and old HUVECs was isolated and a small (220 bp) and a large (8.9 kbp) fragment of mtDNA were amplified in a semiquantitative PCR, according to Santos et al. (2002) , whereas the small fragment was used for normalisation. In old HUVECs, amplification of the large mtDNA fragment was reduced by 75.4% (AE15.2%) when compared to mitotically active young cultures, emphasising a strong loss of intact mtDNA during ageing (Fig. 7) .
Discussion
Primary human endothelial cells have been established as a model for cell ageing (Kiyonaga et al., 2001; Hampel et al., 2004) . HUVECs pass from a young and proliferative state to an old and postmitotic state during a relatively short time and represent therefore a good model to study organelle-related ageing processes. Postmitotic HUVECs are characterised by . Quantification of intact mtDNA in proliferative and postmitotic HUVECs: total DNA from young and old HUVECs was isolated and a small (220 bp) and a large (8.9 kbp) fragment of mtDNA were amplified by semiquantitative PCR as described in experimental procedures. The small fragment was used for normalisation of total mtDNA content and content of intact mtDNA of young HUVECs was set to 100%. The amount of intact mtDNA in postmitotic cells was significantly decreased compared to young cells (n = 8; P < 0.01).
an extremely extended generation time and reduced factor VIII (von Willebrand factor) expression (Kiyonaga et al., 2001 ; our own data). Mitochondria of postmitotic cells showed distinct alterations in morphology and, at the functional level, a reduction of fusion and fission activity, a decline of mitochondrial membrane potential and an increased amount of deletions in the mtDNA.
Fission and fusion of mitochondria are frequent in several vertebrate cells in culture (Bereiter-Hahn and Vöth, 1994; Karbowski et al., 2004) . For the first time, a real-time quantification of mitochondrial fusion and fission in living cells, comparing young and postmitotic cells, was performed. The number of fission events equalled that of fusion events in young and old cells, although the total number of events was strongly decreased in postmitotic cultures. This behaviour indicates a tight control of fission and fusion processes. Until now three proteins involved in mitochondrial fusion (Mfn1, Mfn2 and Opa1) and two participating in fission (Fis1 and Drp1) of mammalian cells have been described, all nucleus-encoded (reviewed by Bossy-Wetzel et al., 2003) . Overexpression or downregulation of one of these proteins results in dramatic changes in mitochondrial morphology and organisation (Eura et al., 2003; Olichon et al., 2003; Frieden et al., 2004; Stojanovski et al., 2004) . These results are stressing the need for a balanced rate of fission and fusion events.
In postmitotic HUVECs, a strong reduction of fission and fusion events has been observed. We did only analyse mitochondria in the periphery of the cells, due to perinuclear mitochondrial clustering. All three versions of the mitochondrial theory of ageing-random drift, faster replication and slower degradation (SOS theory)-have to consider mitochondrial fusions. The SOS theory states that defective mitochondria might be degraded slower than healthy mitochondria, which could result in their accumulation (de Grey, 1997; Kowald and Kirkwood, 2000) . A tight link between genotype and phenotype is important for this proposal. Mitochondrial fusion events destroy such a link, since they allow for a mixing of mitochondrial proteins and DNA between fused mitochondria. Our results of a high fusion rate in young cells and a low fusion rate in old cells (Fig. 4) , point to a more complex picture. In young cells, defective mitochondria may not accumulate via a SOS mechanism, while with age (and concomitantly reduced fusion rate) the SOS idea might become more significant.
In old and postmitotic cells, most mitochondria were clustered around the nucleus and appeared to be less mobile than in young cells. The aggregation of mitochondria in the perinuclear region of postmitotic cells can have different reasons. Perinuclear clustering of mitochondria has been observed in apoptosis as well as in necrosis (Thomas et al., 2000; Li et al., 2004 ) but we did not observe any caspase-3 activation in adherent postmitotic cells (data not shown), indicating that cells were not undergoing apoptosis. Overexpression of fusion proteins Mfn1 and Mfn2 in Hela cells also resulted in clustering of interconnected mitochondria (Eura et al., 2003) . An increased or reduced expression of one of the fission-or fusion-initiating proteins, however, is ruled out in our opinion since fission and fusion activity remained balanced in old cells. Mitochondria in mammalian cells are moved mainly along microtubules (Tanaka et al., 1998; de Vos et al., 2000) . The dynein/dynactin complex is involved in recruitment of fission protein Drp1 and disruption of this complex resulted in perinuclear clustering of mitochondria (Varadi et al., 2004) . The same effect was achieved by inhibition of kinesin (de Vos et al., 2000) . In postmitotic HUVEC, the microtubule and F-actin content and organisation did not differ from young cells and also the amount of dynactin and kinesin bound to microtubules was comparable in young and old cells, indicating that neither the cytoskeleton nor the motor protein expression was reduced during ageing, although the activity of motor proteins could be varying between proliferating and postmitotic cells.
In many mitochondria of old and postmitotic HUVECs, a diminished mitochondrial membrane potential was observed. This is consistent with reports of lowered mitochondrial membrane potential in different aged cell types and tissues (Hagen et al., 1997; Mather and Rottenberg, 2002; Xiong et al., 2004) . Hutter et al. (2004) observed a reduced membrane potential in a subpopulation of aged fibroblasts and an accumulation of mitochondria with low membrane potential in postmitotic cells. Furthermore, in electron micrographs of postmitotic HUVEC mitochondria showed degeneration and loss of the cristae structures, indicating a reduced amount of available inner mitochondrial membrane. A diminished expression of respiratory chain complexes could be a consequence of these structural changes, resulting in a reduced membrane potential. Similar changes in the fine structure of mitochondria have been observed in smooth muscle cells from aged rats, where also a lowered mitochondrial membrane potential was measured (Lopes et al., 2004) . Taken together the reduced number of fission and fusion events, the diminished mobility and clustering of mitochondria could be an effect of decreased energy production in ageing cells.
Furthermore, a diminished ATP content in postmitotic cells could be attributed at least partially to the increased number of mutations in the mtDNA during ageing (reviewed by Wei and Lee, 2002) . In our system, we observed, by fluorescence microscopy, a diminished mtDNA signal in mitochondria of postmitotic cells. Semiquantitative PCR revealed a significant loss of intact mtDNA. Although we did not check for the typical deletions common in ageing cells, the PCR amplification product of the mtDNA genome (5999-14882) encompasses the region where many deletions occur (Trounce et al., 1989; Katayama et al., 1991; Zhang et al., 1992) . To our knowledge, this is the first study showing this kind of changes in the mtDNA of HUVEC cells during ageing.
Fusion of mitochondria could possibly act as a rescue mechanism for damaged mitochondria (Bossy-Wetzel et al., 2003) . In cell culture systems, mitochondrial fusion can complement mtDNA mutations by exchange of mtDNA or transcripts . Also, proteins of the inner membrane and matrix components can be exchanged during fusion of mitochondria (Bereiter-Hahn and Vöth, 1994; Jendrach et al., unpublished results) . The occurrence and impact of fusion and fission in vivo is still under discussion. Seo et al. (2004) found an uneven distribution of a recombinant protein of the inner mitochondrial membrane in muscle cells and neurons of transgenic mice, indicating a lack of exchange between mitochondria in vivo. On the other hand, compensation of mtDNA defects was observed in vivo in kidney, heart and skeletal muscle cells of transgenic mice, this, as concluded by the authors, being a consequence of intermitochondrial complementation Sato et al., 2004) . Currently, the consequences of reduced numbers of fusion and fission events during ageing of HUVECs are difficult to predict. If fusion is really utilised to rescue damaged mitochondria, the reduced amount of fission and fusion events in old cells could result in a diminished exchange of mtDNA and/or proteins and hereby possible contributing to the accumulation of damaged mitochondria, while in young cells mitochondrial defects may be compensated by higher fusion rates. Further experiments in the earlier stages of ageing should determine the contribution of fission and fusion to the ageing process.
